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ABSTRACT 
The fabrication of bipolar integrated circuits in Western 
Electric incorporates an extensive use of titanium and its compound, 
titanium nitride, in conjunction with the gold-based beam lead 
metallization process. In order to satisfy increased program demands, 
d.c. planar magnetron sputtering was introduced into manufacture. 
This mode of sputtering offered higher deposition rates, resulting in 
increased hourly throughput. The titanium and titanium nitride films 
produced by this type of sputtering have been investigated. 
Included in this study are the effects of film thickness and 
nitrogen doping on electrical and crystallographic properties of 
titanium films. In addition, the effects of several deposition para- 
meters are studied to better understand the delamination of titanium 
and titanium nitride layers observed with the advent of this mode of 
sputtering in manufacture. A summary of the significant findings of 
the work follows. 
The electrical characteristics of titanium films, resistivity and 
Seebeck ratio, were monitored as a function of intentional nitrogen 
doping. From 0.0 to 8.0 SCCM nitrogen, the titanium resistivity 
remains relatively insensitive to nitrogen flow. Over this range the 
Seebeck ratio decreases linearly with increased nitrogen flow. 
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Further increases in nitrogen flow to 10.4 SCCM, the largest 
flow rate used in this study, result in large excursions of re- 
sistivity and Seebeck ratio values. These abrupt changes in resis- 
tivity and Seebeck ratio coincide with a phase change from c.p. 
hexagonal cL-titanium to cubic titanium nitride and a decrease in film 
thickness. 
Nitrogen content of the intentionally doped titanium films was 
determined as a function of nitrogen flow rate. Increasing nitrogen 
content is achieved with increasing nitrogen flow rate until the 
change of phase of the as-deposited film occurs. Above this critical 
flow rate, the nitrogen content remains independent of flow rate at 
values ranging from 47.3 to 51.8 atomic percent. 
Crystallographic data was obtained for titanium films as a 
function of flow rate for those flow rate conditions which produced 
film thicknesses of approximately 3000 8, namely 0.0, 2.0, 4.0, 6.0 
and 8.0 SCCM nitrogen. For this range of nitrogen flow rates, grain 
size and d-spacing remained independent of nitrogen flow rate. 
Mechanical integrity of beam strengths was investigated to better 
understand the anomalous delamination of sputtered titanium and 
titanium nitride layers deposited by means of d.c. magnetron sputter- 
ing. Parameters investigated included thickness of the titanium 
nitride layer, the amount of back-sputter time prior to metallization, 
2. 
pre-sputtering of the titanium target, the state of thermal equilib- 
rium of the target used for titanium nitride depositions and the power 
level used for titanium depositions. None of the above parameters was 
directly correlated to either beam strengths or their mode of failure. 
Elimination of the titanium nitride layer between the titanium 
and platinum layers produced no deleterious effects, such as the 
formation of non-etchable intermetallic compounds or the interdif- 
fusion of titanium and platinum. In addition, dramatic improvements 
in beam pull strengths were accompanied by an elimination of the 
del ami nation failure mode. 
3. 
I.  INTRODUCTION 
In the manufacture of integrated circuits, metallization is the 
final fabrication process. Any metallization employed in this 
endeavor must satisfactorily achieve three objectives. First, it must 
provide ohmic, low resistance contact to the device elements which 
have been fabricated in silicon. In addition, it must intraconnect 
these elements to form circuits. Finally, the metallization system 
must provide a means of interconnecting the integrated circuit to the 
non-integrated circuit environment. 
While achieving the above objectives, it must satisfy further 
basic requirements. It must be patterned easily with techniques that 
do not degrade the subsequent device performance. The metallization 
must have low sheet resistances to minimize voltage drops. It must be 
able to provide adequate coverage over steps generated in the silicon 
surface and subsequent dielectric insulator levels. Lastly, it must 
possess both electrical and mechanical integrity and reliability. 
With the advent of very large scale integration (VLSI), the 
relative importance of metallization in the integrated circuit 
fabrication sequence has increased significantly because of a dramatic 
augmentation in the density of metal interconnections. For VLSI logic 
circuits, up to 75% of the chip area may be devoted to wiring. These 
stringent requirements that must be met by any integrated circuit 
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metallization have prompted this investigation, the background of 
which is described below. 
1.1 Silicon Contact 
17   3 
When metal is deposited onto lightly doped (< 10  cm ) silicon, 
a Schottky barrier diode or rectifying contact is formed1 .  A 
potential barrier 0R  exists between the metal and silicon, as 
indicated in Figure 1.  For current to flow, charge carriers must 
surmount the barrier by thermionic emission.  The current (I) and 
voltage (V) characteristics are given by 
I = AA**T2 exp [-q 0Bp / kT] exp [qV/kT -1]    (1) 
where A is the contact area, A** is the effective Richardson constant 
2  2 (= 112 or 32 amp/cm /°K for electrons or holes, respectively), T is 
the temperature in °K, q is the electronic charge, and k is 
Boltzmann's constant. For positive voltages the potential barrier is 
decreased7 and ther currentincreases exponentialTywith™voTtage~; For- 
negative voltages the current is independent of voltage until a 
critical field is reached in the silicon, whereupon breakdown occurs 
as a result of avalanche multiplication. Large currents can then 
flow. For voltages greater than the breakdown voltage, equation (1) 
is not valid. The barrier height for contact to p-type silicon, 0 , 
is given by 
5. 
V ■ EG - "Bn <2> 
wh ere E„ is the energy gap between the valence and conduction bands. 
For silicon, E„ = 1.11 eV. b 
Ohmic contact is achieved by increasing the doping density under 
the contact region, which decreases the width of the potential barrier 
between the metal and the silicon. At high enough doping densities (> 
18    3 10   cm" )» the barrier becomes thin enough to allow quantum 
mechanical tunnelling of carriers through the barrier, resulting in 
ohmic contact.  The current-voltage characteristics are approximated 
by 
I = V ( A_ ) (3) 
R 
where R is the specific contact resistance, which is largely deter- 
mined by the doping density in the contact region, and A is the con- 
tact ar.ea..... Jypical ._vallies of. R for doping_(densities that are greater 
than 1019 cm"3 are 100 fjL^lm2. 
Both the ohmic and rectifying contacts described above are shown 
in Figure 2 for the n-type material used for collector applications in 
npn Schottky transistors. 
6. 
1.2 Bipolar Metallization 
The metallization employed in the manufacture of bipolar inte- 
grated circuits in Western Electric is determined largely by the 
necessity of forming Schottky diodes with stable and reproducible 
17  -3 
characteristics to lightly doped (< 10  cm ) n-type silicon.  The 
diodes are connected in parallel with the base-collector junctions of 
npn transistors in saturating logic circuits. To reduce the propoga- 
tion delay time in a logic gate, it is desirable to eliminate storage 
12) time in transistors^ . In other words, a transistor must be pre- 
vented from entering saturation. This condition can be achieved, as 
illustrated in Figure 3(a), by using a Schottky diode as a clamp 
between the base and emitter. If an attempt is made to saturate the 
transistor by increasing the base current, the collector voltage 
drops, D conducts, and the base-collector voltage is limited to about 
0.4 volt. Since the collector junction is forward-biased by less than 
the cut-in voltage, the transistor does not enter saturation. 
Figure 3(b) depicts the equivalent integrated circuit construc- 
tion of the Schottky transistor. The metallization for the base lead 
is allowed to make contact with the n-type collector region but with- 
out the intervening n section. This contact forms the Schottky diode 
between the base and collector. 
7. 
The use of aluminum, the metallization widely used in MOS device 
fabrication, has led to problems encountered with variations in 0B 
(3 4} 
upon sintering and further thermal treatments^ ' '.  These problems, 
ascribed to silicon-aluminum interactions, have been eliminated by 
forming a layer of platinum silicide in the contact window. A more 
detailed description of this formation is provided in a subsequent 
section. Platinum silicide Schottky diodes are stable and repro- 
ducible : 0R = 0.85 eV. The subsequent use of aluminum leads to 
further complications because aluminum and platinum silicide form 
intermetal1ics that lead to unstable Schottky diode character- 
istics^. 
To circumvent these problems Western Electric bipolar manufacture 
employs the gold-based, beam-lead metallization which was developed as 
an integral part of an interconnect technology in which the final 
metal deposited, which is gold, provides both the means of intracon- 
nection of device elements and interconnection to the outside 
world . The interconnection is accomplished with gold beam leads, 
as shown in Figure 4, that extend over the edges of the separated 
chips. Gold possesses many positive attributes. It is very ductile 
and can be thermocompression bonded easily. Gold has a high elec- 
trical conductivity and is resistant to oxidation and corrosion. 
However, its chemical inertness also results in its inability to 
adhere well to insulators, such as silicon dioxide and silicon 
nitride. To mitigate this shortcoming a layer of titanium is used to 
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provide adherence. But titanium and gold form problematic inter- 
metallics. Hence, a barrier layer of platinum is used to prevent 
intermetallic formation^ '. 
Where platinum is in contact with titanium, subsequent process 
sequences involving elevated temperatures can cause interdiffusion of 
these metals, resulting in the formation of unetchable metallic com- 
pounds that may impair device reliabilityv .  The influence of the 
method of deposition greatly influences the nucleation and interfacial 
(9) 
reactions that control interface phase formationv . The Pt-Ti phase 
diagram shows PtTi _, PtTi„, PtTi and Pt„Ti to be intermetallic 
phases^  . The incorporation of a thin (approximately 150°) titanium 
nitride (TiN) layer between the titanium and platinum films has been 
shown to inhibit the formation of Ti-Pt intermetallic compounds, thus 
allowing the fuTl use of those process sequences^ ' '. 
1.3 Metallization Sequence 
To better visualize the pervasive use of titanium and its com- 
pound, TiN, the actual metallization fabrication sequence is now 
described. Bipolar devices are designed to contain either one or two 
levels of metal interconnections. The incorporation of two metal 
levels provides greater packing density of device elements within a 
given design size. The two levels of metal interconnections are 
separated by an insulating layer through which openings are formed to 
9. 
allow contact of the second metal level to the first metal level. 
These openings are called vias. For brevity reasons, only the 
two-1evel-metal device fabrication will be discussed. However, 
metallization fabrication of single-level-metal devices is identical 
to that; portion of the two-1 evel-metal process that is subsequent to 
via generation. 
Figure 5 provides a schematic of this metallization fabrication 
sequence and should be used as a guide during this discussion. 
Following the opening of contact windows through dielectric layers to 
silicon, the wafer surface is cleaned by means of an in-situ 
back-sputter to assure the absence of native oxide in the contact 
windows. Without loss of vacuum, 500-600 8 of platinum is then 
deposited onto the wafers. The wafers are then placed in a 650°C 
sintering furnace through which is flowing a gas mixture of 10% 
oxygen/90% argon. The wafers remain in this facility for 6 minutes. 
They are then removed and allowed to cool to room temperature. The 
sintering operation causes the platinum that is in contact with the 
silicon exposed in the window generation sequence to react to form 
platinum silicide, PtSi. The platinum which was in contact with the 
dielectric films remains unreacted during the sinter operation and is 
removed readily with aqua regia at 85°C. 
Following appropriate cleaning a layer of titanium, titanium 
nitride and platinum (Ti-TiN-Pt) is sequentially deposited in a single 
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vacuum cycle. The thicknesses of Ti, TiN and Pt are 20008, 1508 and 
40008, respectively. The resultant sheet resistance of this multi- 
component layer is 0.40 00/D. Standard photoresist techniques are 
then used to define the first level metal pattern. Nickel is electro- 
plated and used as a mask for sputter-etching of the platinum layer, 
(13) following closely the uniform gold process described elsewherev  . 
Titanium is then removed by chemical etchants. 
The interlevel dielectric layer of silicon nitride, SiN, is then 
formed by the plasma-assisted decomposition of silane and ammonia. 
Via openings in the SiN layer are generated by plasma etching using a 
gas mixture of CF. and oxygen. Photoresist is used as an etch mask, 
and via dimension control is held within 1-2 urn of the design size of 
5 urn. 
After removal of the photoresist, a second layer of Ti-TiN-Pt, 
similar to that used for the first level but with a platinum thickness 
of 15008, is then deposited. Gold is then electroplated uniformly 
over this layer.  Processing steps to achieve patterning of this 
Ti-TiN-Pt-Au layer are identical to those of the uniform gold 
(13) processv  . 
With this brief description of the metallization fabrication 
sequence in hand, one can readily see the extensive use of titanium in 
bipolar devices.  Prior to 1981 the titanium, titanium nitride and 
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platinum layers used in the manufacture of bipolar devices were de- 
posited using radio frequency (r.f.) diode sputtering. In that year 
equipment employing d.c. planar magnetron sputtering was purchased and 
introduced into manufacture. Although no electrical circuit anomalies 
were attributed to this mode of sputtering, degradation of mechanical 
beam strengths, which are measured routinely on product devices, was 
noted. Initial failure analyses indicated a separation of the 
titanium and titanium nitride layers, a failure mode heretofore unseen 
with r.f. diode deposited films. This separation of the two layers is 
subsequently referred to as delamination. 
The commitment to d.c. planar magnetron sputtering was predicated 
on the higher deposition rates obtainable with this equipment, result- 
ing in increased hourly throughput. Program objectives could be 
achieved only by the successful implementation of this mode of sput- 
tering. 
For this reason it was suggested that a thorough investigation of 
thin films of titanium and titanium nitride deposited by this 
technique be undertaken. Included in this study are the effects of 
film thickness and nitrogen doping on electrical and crystallographic 
properties of titanium films. In addition, the effects of several 
deposition parameters are studied to better understand the delamina- 
tion of the titanium and titanium nitride layers. 
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II.  EXPERIMENTAL PROCEDURES 
All data and results presented in this paper are derived from 
thin films deposited by means of d.c. planar magnetron sputtering. A 
short discourse on this mode of sputtering follows. 
II.1 Planar Magnetron Sputtering 
The planar magnetron has emerged as an elegant embodiment of a 
high-rate sputtering source.  Early work on the basic principles of 
magnetically enhanced sputtering was done by Penning^ '    and by 
(15) Chapin   .  By 1976, both r.f. and d.c. planar magnetron sputtering 
were refined for daily production use. 
A typical planar magnetron sputtering system consists of a 
planar cathode (source or target) parallel to an anode surface which 
serves as a s'ubstrate holder. The configuration used in this work is 
a fixed rectangular cathode in conjunction with a substrate holder 
which moves at a fixed rate in a vertical plane in a direction 
parallel to the plane of the cathode and perpendicular to the cathode 
width. The cathode is shuttered to prevent cross-contamination of 
adjacent cathodes. The shutter opening is equal to the cathode width 
but less than the width of the substrate holder. Hence, motion is 
necessary to deposit a film of uniform thickness. 
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The cathode and its associated erosion area are shown in Figure 
6. A looping magnetic field of approximately 300 gauss exists perpen- 
dicular to the electric field during sputtering and is provided by 
permanent bar magnets (not shown). The secondary electrons emitted 
from the cathode traverse a spiral path around the ring magnet source, 
thereby producing an enhancement of ionizing collisions with the 
sputtering gas. 
The cathode size used in this work is nominally 13 cm x 38 cm x 
0.6 cm. In all cases the cathode material is bonded by means of a 
proprietary technique to a copper backing plate that, in turn, encases 
the magnet assembly and provides the water cooling. 
II.2 Sputtering Facility 
All depositions were performed in a Materials Research Corp. 
model 603 in-line sputtering system using d.c. planar magnetrons as 
described above. A cross-sectional schematic top view of this 
facility is shown in Figure 7. The system consists of a stainless 
steel main vacuum chamber which is continuously pumped by a CTI-8 
cryopump to maintain chamber pressure prior to depositions of 2-3 x 
10"7 Torr. 
Wafers are placed onto a stainless steel, 33.0 cm x 33.0 cm x 
0.16 cm pallet.  The pallet is then placed in the load-lock. When a 
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pressure of 50 milliTorr is attained, an exchange of the loaded pallet 
with a pallet already in the main chamber is accomplished, utilizing a 
movable elevator and gripper assemblies. This exchange places the 
wafers in the main chamber without compromising the high-vacuum 
integrity. 
The sputtering facility is outfitted with three d.c. planar mag- 
netron assemblies and an r.f. etch assembly. The d.c. power supply is 
a silicon-controlled-rectifier type with a range of 0-10 kW. Within a 
given pressure range planar magnetrons operate over a wide current 
range with little change in voltage^ '. The power supply require- 
ments, hence, call for a means of controlling the current. This is 
accomplished with the incorporation of a saturable core reactor. The 
r.f. power supply has a range of 0-1.5 kW. 
Flow controls for the gases employed in this facility consist of 
Nupro "S" series fine metering valves and Hastings linear flowmeters, 
models ALK-100 and ALK-10, for use with argon and nitrogen, respec- 
tively. Each flowmeter is calibrated by the manufacturer for the par- 
ticular gas for which they are used in units of standard cubic centi- 
meters per minute  (SCCM). 
The monitoring  of pressure  is accomplished by using two  gauges. 
_3 
For   the   high-vacuum   range   up   to   1   x   10      Torr   a   Granvi 11 e-Phi 1 ips 
ionization   gauge   and   controller,   model   260,   is   employed.      For 
15. 
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pressures in the range of 1-25 x 10  Torr, the pressure range em- 
ployed for sputter depositions in this work, a Schultz-Phelps pressure 
gauge, model BMV-100, is utilized. 
II.3 Sputter Deposition Sequence 
The sputter deposition system uses continually flowing cooling 
water. If the system remains idle for several hours, residual water 
vapor within the main chamber will collect on the cooled surfaces, 
namely the sputtering targets and r.f. etching platform. To minimize 
the amount of water vapor present in the thin films analyzed in this 
study, a pre-deposition sputter clean-up was employed prior to the 
actual deposition of film samples. 
For the r.f. etch station a power of 500 watts was used for 5.0 
minutes. In the case of sputtering targets a power of 5.0 kW was em- 
ployed for 10.0 minutes. With the above conditions thermal equilib- 
rium of the main vacuum chamber hardware is assured, and thin film 
sample preparation could then commence. 
All thin film samples prepared in this study to investigate 
electrical and crystallographic properties were deposited onto 
polished 100 mm diameter undoped silicon wafers on which was grown 
5000° of thermal oxide, SiOp. The thermal oxide provided electrical 
insulation from the silicon substrate.  The wafer(s) was placed onto 
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a pallet and loaded into the main vacuum chamber in the fashion 
described earlier. Prior to deposition of the thin films all wafers 
received a 500 watt, 0.5 minute back-sputter cleaning to remove any 
residual surface moisture. 
Following this sputter-cleaning the pallet was positioned to 
allow metal deposition to commence. The pallet is located behind a 
shutter plate, and a pre-sputter deposition of a 1.5 minute duration 
transpires. This time allows equilibrium conditions for gas flow and 
power to be attained. At the end of this period, the pallet moves 
past the shutter opening at a fixed, prescribed rate until a fully 
shuttered condition again exists. At this time sputtering automat- 
ically ceases, and high vacuum conditions are again present in the 
chamber. An exchange of pallets is performed, and the newly deposited 
sample is retrieved. 
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III.  EXPERIMENTAL RESULTS 
The characterization of sputtering systems generally commences 
with the determination of the relationship of sputtering power to 
deposited film thickness. All film thickness values mentioned in this 
work have been obtained from a Kevex Unispec System 7000 instrument. 
This facility utilizes x-ray fluorescence to non-destructively and 
quickly analyze single and multi-component metal layers. This instru- 
ment was calibrated using standards initially step-height measured on 
a calibrated Tencor Alpha-Step instrument. 
III.l Electrical Characteristics 
The sputtering facility described in section II has variable 
sputtering power and scan speed settings. These deposition parameters 
are the only variables routinely available to effect change in de- 
posited film thickness. Figure 8 demonstrates the titanium deposition 
thickness, both as a function of power with constant scan speed and as 
a function of scan speed with constant power. A linear relation 
between power and film thickness is shown, whereas a [scan speed]" 
relation to film thickness is demonstrated. 
Another basic characteristic of this sputtering system, the 
cathode voltage/current relation, is depicted in Figure 9 for the 
titanium target. The chamber pressure range of 4.0 to 10.0 milliTorr 
18. 
of argon was chosen to limit the range of interest to that which 
yields the highest normalized deposition rate with constant power^ . 
Examination of the data reveals very little dependence of the 
voltage/current relation on the chamber pressures investigated for the 
titanium target. 
The electrical characteristics of deposited titanium films 
investigated in the work include resistivity and Seebeck ratio. 
Resistivity is determined by measuring the sheet resistance, R , and 
the thickness, d, in the following equation: 
p{£lcm x 10"6) = Rs  (&/□)  . d  (10~6 cm) (4) 
Sheet resistance was determined with the use of a Veeco four-point 
probe, model  FPP-100. 
The Seebeck ratio is a quantity directly related to the Seebeck 
coefficient of a material. This quantity has been found to be a sen- 
sitive  indicator  of   relative   nitrogen   levels   in   intentionally  doped 
(\Q\ 
Ta?N resistor filnr . A schematic diagram of the apparatus used to 
measure Seebeck ratio is shown in Figure 10. It will aid in the 
understanding of the following description of the principle of 
measurement. 
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The film sample is placed between the two copper blocks. One 
of the blocks is water cooled (—20°C), while the other is heated to a 
temperature of approximately 80°C. A temperature gradient AT of 
approximately 60°C is thus established across the film sample between 
the two copper blocks. The actual value of AT will depend on the 
temperature of the cooling water and on whether the substrate material 
is glass or ceramic, but as will be seen, AT does not enter into the 
determination of R except as a parameter of the second order of mag- 
nitude. Electrical contact with the film is made by dropping two 
spring loaded platinum-constantan probes onto the sample, one at the 
cold end and the other at the hot end. 
With a temperature gradient AT established across the sample 
(i.e. between the hot and cold probe junctions) two voltage signals 
are generated: one is the voltage V(Pt-Sample-Pt) generated in the Pt 
thermocouple loop (Pt-Sample)or.0_ - (Sample-Pt)ono-, and the other the oU   L cM   L 
voltage V(Const-Sample-Const) generated in the Const thermocouple loop 
(Const-Sample)fif)0r - (Sample-Const)?QOC. These thermal emfs are 
related to the Seebeck Coefficient of the different materials as 
follows: 
T +AT 
V(Pt-Sample-Pt)  =      f       [Spt(T)  - SSamp(T)]dT = Vpt (5) 
T_ 
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T +AT 
o 
V(Const-Sample-Const)  .    |       [SConst(T)  - SSamp(T)]dT = V^      (6) 
To 
where T  is the temperature of the cold junction and T + AT the 
o o 
temperature of the hot junction; S_ is the Thermoelectric Power or 
Seebeck Coefficient of the sample, S of platinum and S~ that of 
constantan. The Seebeck Ratio, R, of the sample is obtained from the 
ratio of the signals Vp and V-   and is given by: 
T +AT 
°r 
cspt<T> - WT)]dT 
n    - ^t TQ.  (7) 
"Const " VP 
[S.      JT)  - Sc      (T)dT Const    '        Samp1   ' 
To 
If   one   assumes   that   Spt(T),   SConst(T)   and   SSa    (T)   are  linear  func- 
tions of the temperature  (T), then, equation  (7)  can be simplified to 
R = R(TM) = KWV - WTM;]AI; 
^QV^WW1 
[WTH>- WTH» 
LbConstlV  " SSampllM)-1 
21. 
(8) 
where TM is the mean temperature across the sample between the hot and 
cold junctions. 
The Seebeck Coefficient of the sample at temperature T  is 
given by: 
WTM> = [RSConst<TM> " Spt(TM)]/(R-l)        (9) 
Once R is known, ^SamD^M^ ma^ ""n PrinciPle De calculated from Eq. 
(9). 
The Seebeck Ratio R is the quantity used to attempt to char- 
acterize the nitrogen doping level in the titanium and titanium 
nitride films. As can be seen in Figure 10, the Seebeck Ratio is 
displayed directly by amplifying the voltages Vp. and Vc ., elec- 
tronically forming the ratio with a ratiometer and displaying the 
resulting quotient on a digital display. 
Figure 11 shows both the resistivity and Seebeck ratio of un- 
doped titanium film deposited at a power level of 6.0 kW. Over the 
range of film thicknesses investigated, the resistivity compares quite 
favorably to that of bulk titanium, 42.0/-L^6cnr . The values for 
Seebeck ratio for the range of thickness examined encompass a broad 
span; however, d.c. planar magnetron deposited undoped titanium films 
exhibit higher Seebeck ratio values than comparably sputtered films 
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using r.f. diode^  '.  This fact is further evidenced by Trudel for 
undoped tantalum films deposited by r.f. diode, in which maximum 
(21^ Seebeck ratios were approximately 0.200v ;. 
In addition, the titanium films from which the results in 
Figure 8 were obtained were subjected to scanning Auger microscopy. 
All samples were found to contain less than 1.0 atomic percent of the 
elements oxygen, carbon and nitrogen. These elements are considered 
typical impurities in sputter-deposited films. The lack of these 
constituents indicates that the dependence of resistivity and Seebeck 
ratio on film thickness lies within the bulk properties of the 
material. 
A natural extension of this type of film analysis is presented 
in Figure 12. In this case intentional doping of the titanium film 
was performed with the consequent plot of resistivity and Seebeck 
ratio as a function of nitrogen flow rate. Examination of these data 
reveals a relative insensitivity of the resistivity until approximate- 
ly 8.0 SCCM, while the Seebeck ratio over the same range decreases 
linearly with increasing nitrogen flow rate. Further increases in 
nitrogen flow rate result in large excursions in resistivity over a 
range of slightly more than 2.0 SCCM. This increased nitrogen flow 
rate also results in a color change of the deposited film from silver 
metallic to golden. Simultaneous with the change in color is a 
drastic reduction in the deposited film thickness for the conditions 
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used in this portion of the study: 2.40 kW of power, 40.0 centi- 
meters/minute scan speed. Prior to the color change, film thickness 
for these conditions is approximately 700 8, whereas the film thick- 
ness has decreased to approximately 150 a once the golden color is 
obtained. This observed color change with the concomitant change in 
resistivity  has  been attributed  to  a  phase  change from c.p. 
hexagonal CL - titanium with a low nitrogen content to cubic titanium 
(2?) 
nitride with a higher nitrogen contentv '. 
The change of phase of the deposited film and the resultant 
decrease in film thickness results in Seebeck ratios of less than 
zero, indicating a polarity reverse of the Seebeck apparatus. This 
polarity change occurs due to the sensitive nature of the Seebeck 
ratio to thin surface layers. In a clamped apparatus there is often a 
large thermal contact resistance. The surface layer with a large 
temperature drop across it will contribute significantly to the total 
Seebeck emf despite the relative thinness of the layer. 
Reactive sputtering of this type is quite sensitive to deposi- 
tion parameters such as power and the relative flow rates of argon and 
nitrogen. For this reason the conditions used to produce the data in 
Figure 9 were determined a priori and then held fixed. This decision 
resulted in deposited film thicknesses of less than 200 8, a range 
which, at best, is difficult to analyze. 
24. 
In order to determine nitrogen contents for the films used in 
this work, it was necessary to use a two-step approach to circumvent 
the problem of film thickness stated above. A Cameca MBX electron 
microprobe was employed to analyze films deposited at the same power 
and flow rate conditions as those stated for the data in Figure 9. 
However, scan speeds were reduced to provide a thickness of 3000 A. 
Films of this thickness were generated, using flow rates of 0.0, 2.0, 
4.0, 6.0 and 8.0 SCCM of nitrogen. The resultant nitrogen concentra- 
tions for the varying nitrogen flow rates as determined by the 
electron microprobe were then used to attempt to calibrate a Physical 
Electronics scanning Auger microprobe, model 590, for nitrogen content 
in order to analyze the films in the 200 ft thickness range which are 
obtained after the color and phase change. Table I reveals these 
results. Good agreement between the two methods used for determina- 
tion of nitrogen content is found in the samples containing nitrogen 
concentrations greater than 10 atomic percent. 
Titanium film samples deposited using nitrogen flow rates 
ranging from 0.0 to 10.4 SCCM were then subjected to Auger microprobe 
analysis for nitrogen content. A plot of N/Ti peak heights versus 
nitrogen flow rate is displayed in Figure 13. The transition that 
occurs between 8.0 and 8.2 SCCM corresponds respectively to the color 
change of the deposited film from metallic to golden. It is also of 
interest to note the stability of the N/Ti ratio once the transition 
occurs. 
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Analyses similar to those employed to produce the data in Table 
I provided nitrogen contents for the films in the plateau region of 
Figure 10. In all cases stoichiometric TiN with nitrogen contents 
ranging from 47.3 atomic percent to 51.8 atomic percent were obtained. 
Auger spectral analyses of several film samples in the plateau 
region revealed carbon and oxygen contents both less than 1.0 atomic 
percent. 
III.2 Crystallographic Characteristics 
The titanium film samples deposited using nitrogen flow rates 
ranging from 0.0 to 8.0 SCCM were analyzed using X-ray diffraction 
techniques. A General Electric XRD-6 diffractometer was employed, 
utilizing Cu Kd radiation with a wavelength of 1.547 ft. Diffraction 
peaks were continuously recorded, and values for the film particle 
size were derived from peak widths at half-maximum height using the 
(23) Scherrerv ' formula: 
D,._,.,» (R) = 0.9 X (10) 
/ R rnc Q (hkl B cos 9 
where D is the mean crystallite size, \ is the wavelength of the x- 
radiation, B is the peak width at half-maximum height and 0 is the 
Bragg angle. 
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Interplanar spacings (d-spacing) were derived with the aid of 
(24) the Bragg* ' equation: 
d(hkl) («) =   ^ (ID (nKn 2 sin 9 
where d,..,* is the interplanar spacing, A is the wavelength of the 
x-radiation and 9 is the Bragg angle. 
The results for mean crystallite size and d-spacing are found 
in Table II. Over the range of nitrogen flow rates investigated, 
little change in grain size is noted. In addition, d-spacings remain 
independent of nitrogen flow rate. 
M. H. Read, Bell Telephone Laboratories, analyzed the same 
films with the aid of the Read camera. These data, also shown in 
Table II, reveals that only hexagonal close-packed titanium is present 
in the films, regardless of nitrogen flow rate. No nitrogen- 
containing titanium compound was detected. All films show the basal- 
plane (001) to be parallel to the surface of the substrate with vary- 
ing degrees of orientation. The degree of orientation is determined 
by the different lengths of the arc of the plane parallel to the sub- 
strate. In this case the (002) plane is used, since the (001) plane 
is a forbidden reflection. None of the samples yielded sharp lines on 
the photographs, indicating a slight amorphous condition. 
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Both the lack of lattice expansion with increasing nitrogen 
flow rate and the absence of nitrogen compounds suggest the inter- 
stitial incorporation of the nitrogen over the range of flow rates 
investigated. 
III.3 Mechanical Characteristics 
As mentioned in the introductory section, the use of titanium 
and titanium nitride films deposited by means of d.c. magnetron sput- 
tering resulted in degraded mechanical beam lead strengths as measured 
routinely on product devices. This measurement consists of mechanical 
orientation of the beams so that they are perpendicular to the plane 
of the device and then mechanically pulling them until separation of 
the beam from the device occurs. The failure value in grams for each 
beam is recorded and then normalized to values of grams per mil of 
beam width using a five-beam width average. Probability plots of the 
data are then generated, and fifty beams are pulled for each test. 
Also, each beam subjected to the test is visually inspected to deter- 
mine the mode of failure. 
Not only was a degradation in beam pull failure strengths noted 
with the use of d.c. magnetron sputtering, but also the dominant 
failure mode became delamination of the titanium-titanium nitride 
interface. In order to investigate the characteristics of these 
failures, several experiments were conducted, utilizing in all cases 
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titanium nitride which possessed two attributes: (1) a resistivity of 
_< 200 /X^lcm, and (2) golden color. These a priori requirements 
necessitated using nitrogen flow rates of 9.4 SCCM or greater, as 
evidenced by Figure 9. 
Figure 14 depicts data as a result of 150 8 and 100 H Ti N 
layers. Using the fiftieth percentile as a reference, both halves of 
the experiment yield pull strengths greater than 5.0 grams/mil. 
Acceptable failure values were chosen arbitrarily to be those values 
equal to or greater than 2.0 grams/mil. However, the dominant failure 
mode was the unacceptable delamination of the titanium and titanium 
nitride layers. 
Another deposition parameter investigated was the back-sputter 
time. Back-sputtering is an r.f. etch employed prior to metallization 
of the devices in order to clean the wafer surface and thereby promote 
adherence.  The power density of this back-sputter technique is 0.46 
2 
watts/cm .  In Figure 15 one sees the results of 0.2 and 0.5 minute 
back-sputtering.  Little difference again is noted between experi- 
ments. 
The chemical activity of titanium is responsible for its good 
gettering ability. It was hence surmised that the constantly renewed 
surface of the titanium target was attracting getterable species in 
the vacuum chamber during idle conditions. Figure 16 shows the beam 
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pull results of a 1.0 minute pre-sputter of the titanium target com- 
pared to the normal condition of no pre-sputtering. Although little 
difference is noted in median strengths, del ami nation of the titanium 
and titanium nitride layers was the dominant failure mode. 
By applying a similar argument of chemical gettering to the 
target used in the titanium nitride deposition, one obtains the 
results of Figure 17. Intentional idling of the target for 4.0 hours 
prior to the titanium nitride deposition fails to produce a degrada- 
tion in the beam strengths or an increase in the incidence of delami- 
nation at the titanium-titanium nitride interface. 
Increasing the power applied to the titanium target to 6.5 kW 
from a normal level of 4.0 kW results in the data displayed in Figure 
18. Beam pull and failure mode results are independent of the power 
levels chosen. Delamination of the titanium and titanium nitride 
layers is predominant. 
The above experiments lead to one inexorable point: regardless 
of the process parameter investigated, the failure mode of titanium- 
titanium nitride delamination persists. As Figures 14-18 show, this 
delamination dominates over median values of beam pull strengths 
ranging from 2.2 to 5.5 grams per mil of beam width. 
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To test whether titanium nitride was necessary to prevent 
interdiffusion of titanium and platinum, Ti-TiN-Pt films were de- 
posited with 150 8 and 100 8 titanium nitride. A third sample, Ti-Pt 
only with no titanium nitride, was deposited. All films had as their 
titanium and platinum thicknesses 2000 8 and 1500 8, respectively. 
These films were subjected to a standard 30 minute, 400°C air 
bake designed to heal platinum grain boundaries to prevent boundary 
diffusion of subsequently-plated gold. The air bake temperature is 
the highest temperature to which the metallization is subjected in 
subsequent processing. Hence, if interdiffusion of metal layers is to 
occur, it should be detectable after this operation. 
These three samples were subjected to Auger microprobe depth 
profiling, the results of which are shown in Figures 19, 20 and 21. 
Figures 19 and 20 display the depth profiles of Ti-TiN-Pt films con- 
taining, respectively, 150 8 and 100 8 of titanium nitride. The 
presence of nitrogen is confirmed by the crossover of the two titanium 
signals where labeled. This juxtaposition of signals is less evident 
in Figure 21, in which the metallization lacks the titanium nitride 
layer. Of the utmost importance noted in reviewing these figures is 
the lack of evidence of interdiffusion of the titanium and platinum 
layers, regardless of the presence or absence of titanium nitride. 
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With this encouraging result, product wafers containing Ti-Pt 
films without titanium nitride were processed in a normal fashion and 
were scrutinized for processing anomalies at critical operations. No 
evidence of the formation of unetchable Ti-Pt intermetallic compounds 
was detected either visually or electrically on finished devices. 
Devices fabricated with and without titanium nitride were sub- 
jected to beam pull testing. These results are shown in Figure 19. 
The dramatic improvement in median pull strengths for the sample 
lacking titanium nitride is accompanied by an equally dramatic change 
in the failure mode. Whereas the devices containing Ti-TiN-Pt metal- 
lization continue to show a delamination failure mode, the Ti-Pt 
metallized devices have no delamination of the titanium-platinum 
interface. Instead, the dominant mode of failure is beam breakage. 
In addition, the bimodal distribution evident with every sample in 
which delamination is the dominant failure is not present in the Ti-Pt 
samples. 
The results displayed in Figure 22, along with the lack of 
processing abnormalities, have been demonstrated several times since 
the initial work with the same beneficial results. 
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IV.  DISCUSSION 
IV.1 Electrical Properties 
One of the initial intents of this work was to incorporate the 
use of Seebeck ratio into the daily monitoring of titanium nitride 
film characteristics as a means for determining nitrogen content. A 
review of Figure 12 indicates an abrupt Seebeck ratio excursion for 
the thin (<2008) titanium nitride films deposited above 8.0 SCCM of 
nitrogen. Although this excursion coincides with the onset of the 
phase change from c.p. hex d-titanium to cubic titanium nitride and 
the concomitant decrease in thickness, the Seebeck ratio values are 
fairly constant in this region, directly correlating with the uniform 
nitrogen content obtained by Auger electron spectroscopy and displayed 
in Figure 13 for the same range of nitrogen flow rates. This unex- 
pected uniformity in nitrogen content, which is independent of 
nitrogen flow rate once the onset of the phase change has occurred, 
eliminates the need for Seebeck ratio measurements in this region. 
The Seebeck ratio is constant for any nitrogen flow rate above that 
which produces the phase change. 
An application of Seebeck ratio which does have merit is again 
found in Figure 12 in the range of nitrogen flow rates from 0.0 to 6.0 
SCCM. From Table I the nitrogen content of the titanium films 
deposited over this flow rate range extends from less than 1.0 atomic 
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percent to 12.8 atomic percent. Over this range of flow rates the 
resistivity of the titanium films remains independent of the nitrogen 
content. However, the linearly decreasing Seebeck ratio over this 
flow rate range renders it a much more sensitive indicator of nitrogen 
content. The use of Seebeck ratio as a monitor of undoped titanium 
film quality can be easily incorporated to augment the normally but 
tediously performed resistivity check. This Seebeck ratio test will 
more sensitively and quickly indicate an undesirable nitrogen content 
in the as-deposited titanium film. Investigation can then be 
initiated to determine the sources of the contamination. These 
sources include impurities occluded in the target bulk material, 
degradation in sputter machine vacuum integrity and contamination of 
the gases used for sputtering ambients. 
IV.2 Mechanical Properties 
Another aspect of this study which became evident only after 
review of the figures relating to beam pull strengths is the two types 
of distributions into which this data can be classed. Figures 14 and 
15 illustrate this point. Each figure displays data taken from a 
group of wafers processed together. Within a group the distributions 
obtained are identical. However, when one compares one group of 
wafers to another, the types of distributions differ. Whereas the 
beam pull strengths display a bimodal distribution in Figure 14, this 
type of distribution is not evident in the data of Figure 15. 
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Speculation as to the root cause for this divergence covers 
several areas. First, it calls into question the subjectivity of the 
manual, operator-controlled beam pull apparatus. Slight variations in 
personal technique in the operation of the equipment may cause varia- 
tions not only in the absolute strengths but also in the failure mode. 
By limiting the number of workers assigned to this equipment, the 
subjectivity associated with this operation could be reduced. Re- 
placement of the facility with a microprocessor-controlled robotic 
beam pull apparatus would eliminate the subjectivity. 
Secondly, the separation process which divides the processed 
wafer into individual chips may incorporate enough process variability 
to produce changes in the relation of the beam leads and the under- 
lying silicon material. These process variations may result in dif- 
ferences in the amount of hinge created when beams are bent perpen- 
dicular to the underlying silicon. This hinge variability could lead 
to variations in beam strengths and their mode of failure. 
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V.  SUMMARY AND CONCLUSIONS 
The fabrication of bipolar integrated circuits in Western 
Electric incorporates an extensive use of titanium and its compound, 
titanium nitride, in conjunction with the gold-based beam lead metal- 
lization process. In order to satisfy increased program demands, d.c. 
planar magnetron sputtering was introduced into manufacture. This 
mode of sputtering offered higher deposition rates, resulting in 
increased hourly throughput. The titanium and titanium nitride films 
produced by this type of sputtering have been investigated. The 
results are tabulated below. 
1. Over a sputtering pressure range of 4.0 to 10.0 milliTorr of 
argon, the voltage/current relation for the titanium target 
remains independent of argon pressure. 
2. The electrical characteristics of titanium films, resistivity 
and Seebeck ratio, were monitored as a function of inten- 
tional nitrogen doping. From 0.0 to 8.0 SCCM nitrogen, the 
titanium resistivity remains relatively insensitive to 
nitrogen flow. Over this range the Seebeck ratio decreases 
linearly with increased nitrogen flow. This behavior of the 
Seebeck ratio will allow the facile monitoring of as- 
deposited titanium film for unintentional impurities. 
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Further increases in nitrogen flow to 10.4 SCCM, the largest 
flow rate used in this study, result in large excursions of 
resistivity. Over this range the Seebeck ratio changes 
polarity and stabilizes within a range of -0.010 to -0.060. 
These abrupt changes in resistivity and Seebeck ratio coin- 
cide with a phase change from c.p. hexagonal d-titanium to 
cubic titanium nitride and a decrease in film thickness. 
3. Nitrogen content of the intentionally doped titanium films 
was determined as a function of nitrogen flow rate. This was 
achieved by calibration of an Auger electron spectrometer 
with nitrogen/titanium standards as determined by an electron 
microprobe. Increasing nitrogen content is achieved with 
increasing nitrogen flow rate until the change of phase of 
the as-deposited film occurs. Above this critical flow rate, 
the nitrogen content remains independent of flow rate at 
values ranging from 47.3 to 51.8 atomic percent. 
4. Crystallographic data was obtained for titanium films as a 
function of flow rate for those flow rate conditions which 
produced film thicknesses of approximately 3000 8, namely 
0.0, 2.0, 4.0, 6.0 and 8.0 SCCM nitrogen. For this range of 
nitrogen flow rates, grain size and d-spacing remained inde- 
pendent of nitrogen flow rate. 
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Only c.p. hexagonal titanium was present in the films, re- 
gardless of nitrogen flow rate. In addition, no nitrogen- 
containing titanium compound was detected in any sample. 
5. Mechanical integrity of beam strengths was investigated to 
better understand the anomalous delamination of sputtered 
titanium and titanium nitride layers deposited by means of 
d.c. magnetron sputtering. Parameters investigated included 
thickness of the titanium nitride layer, the amount of 
back-sputter time prior to metallization, pre-sputtering of 
the titanium target, the state of thermal equilibrium of the 
target used for titanium nitride depositions and the power 
level used for titanium depositions. None of the above 
parameters was directly correlated to either beam strengths 
or their mode of failure. 
6. Elimination of the titanium nitride layer between the 
titanium and platinum layers produced no deleterious effects, 
such as the formation of non-etchable intermetallic compounds 
or the interdiffusion of titanium and platinum. In addition, 
dramatic improvements in beam pull strengths were accompanied 
by an elimination of the delamination failure mode. 
Although the efforts of this study have resulted in greater 
understanding of the electrical and mechanical properties of titanium 
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films deposited by means of d.c. magnetron sputtering and have miti- 
gated potential problems of mechanical integrity of beam-leaded 
devices, future work includes the investigation of application of a 
d.c. bias to the anode and its subsequent effect on as-deposited 
titanium film properties. 
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TABLE I 
NITROGEN CONCENTRATIONS IN TITANIUM FILMS 
AS A FUNCTION OF NITROGEN FLOW RATE 
AS DETERMINED BY ELECTRON AND AUGER MICROPROBES 
Nitrogen  Flow 
Rate (SCCM) 
Atomi c 
Electron Micro 
, Percent 
iprobe 
Nitrogen 
Auger Microprobe 
0.0 None detected <1.0 
2.0 6.4 4.3 
4.0    ■"■■ 9.3 6.7 
6.0 14.3 12.8 
8.0 24.3 23.3 
8.2-10.4 _ — 47.3-51.8 
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TABLE II 
CRYSTALLOGRAPHIC PROPERTIES OF TITANIUM 
FILMS AS A FUNCTION OF NITROGEN FLOW RATE 
Interplanar 
Nitrogen  Flow 
Rate  (SCCM) Structure 
Spacing 
(hkl)      (8) 
Particle 
Size (8) Orientation  (°) 
0.0 c.p, . hex Oil 2.1888 150 +15 
2.0 M on 2.1888 220 +15 
4.0 ii on 2.1848 150 +15 
6.0 H on 2.1821 170 +30 
8.0 II on 2.1901 120 +20 
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BERM STRENGTH VS TRRGET IDLE TIME 
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BERM STRENGTH VS TRRGET POWER 
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